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TRICALCIUM PHOSPHATES, THEIR 
COMPOSITES, IMPLANTS INCORPORATING 

THEM, AND METHOD FOR THEIR PRODUCTION 

FIELD OF THE INVENTION 

0001. The present invention generally relates to biocer 
amics, particularly tricalcium phosphate bioceramics, com 
posites incorporating these materials, and methods for their 
production. 

BACKGROUND OF THE INVENTION 

0002 There is a widely recognized need for an implant 
material that provides excellent Structural Support for a 
variety of clinical applications while providing for Osteoin 
tegration over acceptable periods of time. Conventional 
metal implants are designed to ensure mechanical Stability 
of the implanted region to meet short-term mechanical goals 
but raise a number of longer-term clinical concerns includ 
ing protuberance over the skin, non-uniform healing, bone 
atrophy, implant migration and loosening, all of which may 
lead to a Second Surgery to remove the implant. 
0003. The morbidities associated with metallic implants 
have Stimulated interest in polymeric and resorbable 
implants compromised of polylactic acid, polyglycolic acid, 
copolymers thereof, polymethylmethacrylate, polypropyle 
nefumarate, collagen, or collagen-glycoaminoglycans. 
These devices have not been widely accepted due to a 
number of clinical complications associated with poor 
mechanical Stability, formation of Sinus tracts, osteolysis, 
Synovitis, localized inflammation, and hypertrophic fibrous 
encapsulation. As a result, a clinical demand for Stronger, 
more biocompatible and resorbable orthopedic implants for 
use in both load-bearing and non load-bearing applications 
exists. Such an implant will incorporate a biomaterial poS 
Sessing the following properties: 1) mechanical stability at 
the injured site for the required duration to allow adequate 
healing; 2) biocompatibility with the Surrounding host tis 
Sue; 3) Osteointegration with the host bone; and 4) elimina 
tion of aseptic inflammation. 
0004 Bioceramics have been identified as biomaterial 
that may potentially possess the desired properties discussed 
above. They have found widespread use in craniomaxillo 
facial, dental, and Orthopedic applications as well as oral, 
plastic, and ear, nose, and throat Surgery and are categorized 
according to their in Vivo interaction: bioinert, bioactive, and 
resorbable. Common bioceramics are alumina, Zirconia, 
calcium phosphate-based ceramics, and glass-ceramic com 
posites. 

0005 Bioinert bioceramics include alumina and zirconia, 
and are characterized as Such because the body recognizes 
them as a foreign object and encapsulates them in fibrous 
tissue. Furthermore, tissue growth asSociated with this reac 
tion is used to mechanically fix the inert ceramic article 
within the body by encouraging tissue ingrowth into Surface 
irregularities or intentionally introduce porosity. Although 
many ceramic compositions have been tested as implants to 
repair various parts of the body, few have achieved human 
clinical application. Problems associated with these ceram 
ics typically involve the lack of a stable interface with 
connective tissue and/or a mismatch in mechanical proper 
ties between the implant and the tissue to be replaced (see 
Hench in “Bioceramics: from Concept to Clinic.J. Am. 
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Ceram. Soc., 1991, 74, 1487-1510). In the case of bioinert 
bioceramic materials, only a physical interdigitation of weak 
fibrous tissue onto the implant surface is obtained. If the 
Strength of this fixation between the Surrounding tissue and 
implant is insufficient which is often the case, then loosening 
of the bioceramic can occur causing necrosis of the Sur 
rounding tissue along with implant failure. For example, 
when alumina or Zirconia implants are implanted with a tight 
mechanical fit within the body and movement does not occur 
at the interface with tissue, the implants can be clinically 
Successful. However, if movement does occur, the fibrous 
capsule Surrounding the implant can grow to become Several 
hundred microns thick causing the implant to loosen and 
leading to clinical failure. 
0006 Bioactive bioceramics include hydroxyapatite, bio 
glass, and bioglass-ceramics. A “bioactive' material is one 
that elicits a Specific biological response at its Surface, which 
results in a beneficial biological and chemical reaction with 
the Surrounding tissue. These reactions lead to chemical and 
biological bonding to the tissue at the interface between 
tissue and the bioactive implant, rather than mere ingrowth 
of tissue into pores of the implant, which only provide 
mechanical fixation. Hydroxyapatite (Cao PO)6(OH), JC 
PDS 9-432) has been of particular interest in orthopedic and 
dental application because the composition closely 
resembles native bone mineral and is inherently bioactive 
and Osteoconductive. Though hydroxyapatite has the poten 
tial to be a load bearing implant material, applications have 
been limited to coatings, porous implants and as the bioac 
tive phase in composites because most conventional calcium 
phosphate processing techniques have been unable to 
remove the proceSS related defects in load bearing implants 
that result in poor mechanical properties. The problems 
asSociated with processing hydroxyapatite materials have 
been solved, at least in part, by the method disclosed in U.S. 
Pat. No. 6,013.591, which describes the synthesis of nanom 
eter-sized hydroxyapatite grains that can be densified to 
form a hydroxyapatite Structure with improved compressive 
Strength, bending Strength, and fracture toughness. These 
results can be attributed to the reduced flaw sizes inherent in 
nanocrystalline materials. 

0007 Resorbable bioceramics include tricalcium phos 
phate (TCP), calcium Sulfate, and other calcium phosphate 
Salt-based bioceramics. They are used to replace damaged 
tissue and are eventually resorbed Such that host tissue 
replaces the implant. Problems long associated with resorb 
able bioceramics are the maintenance of Strength, Stability of 
the interface, and matching of the resorption rate to the 
regeneration rate of the host tissue. Furthermore, the con 
stituents of resorbable biomaterials desirably are metaboli 
cally acceptable, Since large quantities of material must be 
digested by cells. This imposes a Severe limitation on these 
compositions. Calcium Sulfate typically is used as a rapidly 
degrading bone filler in cases where mechanical Strength is 
not necessary. C-TCP (C-Ca(PO), JC-PDS 9-348) and 
?-TCP (B-Ca(PO), JC-PDS 9-169) typically are used 
when a rapidly degrading bone filler having more mechani 
cal strength than calcium sulfate (CaSO4, JC-PDS 6-0046) 
is needed. Though calcium Sulfate and TCP degrade rapidly, 
they both Suffer from poor mechanical properties that have 
limited their applications to bone fillers. 
0008 Because calcium phosphate biomaterials are intrin 
sically bioactive and resorbable, they can be tailored for 



US 2005/0031704 A1 

mechanical Strength, resorption and bonding with the Sur 
rounding tissue through nanostructure. While C- and B-TCP 
are widely used and while a TCP formulation having 
mechanical and morphological properties advantageous for 
prostheses would be very useful, attempts to date have failed 
to produce reliable structural TCP implants. Accordingly, it 
is an object of the invention to provide techniques for 
Synthesizing C- and B-TCP materials, and composites 
thereof, having Structural and morphological properties use 
ful for Structural implants. In particular, it is an object of the 
invention to provide Synthesis and processing techniques 
that produce a TCP material that can be densified under 
conditions that allow microStructural control, reduction or 
elimination of defects, ease of manufacture, and minimiza 
tion of cost. It is another object of the invention to obtain 
TCP materials having enhanced mechanical properties, 
enhanced bioactivity/osteointegration and a controlled 
resorption profile by controlling the microStructure during 
Sintering through crystal size, morphology and composi 
tional control during Synthesis and processing. 

BRIEF SUMMARY OF THE INVENTION 

0009. The present invention provides compositions and 
articles comprising tricalcium phosphate (TCP) materials 
having a particularly Small crystal size and/or particle size. 
The invention further provides a method of consolidating the 
TCP into a variety of articles that are either fully dense and 
defect free, or that possess extensive porosity. 

0010) TCP (i.e., C- and/or B-TCP) can be formed into 
high Surface area powders, coatings, porous bodies, and 
dense articles by a wet chemical approach. This wet chemi 
cal approach is preferred because it is versatile, Simple, and 
easy to control, in terms of both the preparative reactions 
and the characteristics of the reaction product, Such as 
morphology, size, and reactivity. Precursor type, precursor 
concentration, Solvent environment, addition rate of precur 
Sors, aging time, aging temperature, and pH during precipi 
tation have been identified as the processing parameters 
controlling the molecular and structural development of TCP 
precursor materials. Furthermore, by controlling dry particle 
formation from the precipitate through washing, drying and 
comminution, an ultrafine particulate TCP precursor powder 
can be obtained. 

0.011 This TCP precursor powder is then transformed 
into TCP, for example by a calcination step. The calcination 
temperature can be significantly reduced with the appropri 
ate precipitation conditions permitting the formation of an 
ultrafine particulate TCP that can enhance packing and 
densification and lower Sintering temperatures. The phase 
(i.e., C. or >) of TCP that is obtained is dependent at least in 
part on the precipitation and processing conditions and 
calcinations temperature and environment. Alternatively, a 
method using microwaves, X-rays, lasers, electron beams or 
neutron beams can be used to transform precursor powder 
into TCP. 

0012 Dense TCP articles can be fabricated by pressure 
leSS or preSSure-assisted Sintering processes using this 
ultrafine TCP powder. By reducing the crystal size within an 
article, the Smallest possible defect Size is reduced thereby 
increasing the highest possible Strength. In addition, ceram 
ics become more ductile at lower temperatures as the 
Volume fraction of grainboundaries increases allowing grain 
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boundary Sliding allowing for rapid Superplastic net-shape 
forming. Furthermore, the resorption profile of dense TCP 
can be controlled by extending the heat treatment during 
Sintering or through post-Sinter thermal cycles to alter the 
microStructure. The Subsequent controlled grain growth can 
then be used to increase or decrease the resorption rate. This 
TCP precursor powder is then transformed into TCP, for 
example by a calcination Step. The calcination temperature 
can be significantly reduced with the appropriate precipita 
tion conditions permitting the formation of an ultrafine 
particulate TCP that can enhance packing and densification 
and lower sintering temperatures. The phase (i.e., C. or f3) of 
TCP that is obtained is dependent at least in part on the 
precipitation and processing conditions and calcinations 
temperature and environment. Alternatively, a method using 
microwaves, X-rays, lasers, electron beams or neutron 
beams can be used to sinter TCP, with or without pressure, 
into a dense article. 

0013 Thus, TCP of the invention possesses greater reli 
ability and better mechanical properties as compared to 
conventional TCP having a coarser microStructure. In addi 
tion, the TCP of the invention can be structurally reinforced 
by incorporating a Secondary reinforcing Species into the 
TCP precursor material during nanocomposite processing. 

0014. In one aspect, the invention provides a composition 
including particulate TCP having an average TCP crystal 
size of about 250 nm or less and an average particle size of 
about 5 um or leSS. In another embodiment, the invention 
provides TCP compositions having a BET surface area of 
about 20 m/g or greater. 
0015. In another aspect, the invention provides an article 
comprising a consolidated TCP Structure having an average 
crystal size of about 80 um or less and a density of about 
90% of the theoretical density. In yet another aspect, the 
invention provides an article comprising a consolidated TCP 
Structure having an average crystal size of about 1 um or leSS 
and a porosity of about 20% or greater. 

0016. The invention also provides a method of calcining 
a TCP precursor precipitate at a temperature of about 400 
C. to about 1400° C. and recovering a nanostructured TCP 
article having a BETSurface area of about 20 m/g or greater 
and a crystal size of about 250 nm or less. The invention also 
provides a method that involves calcining a TCP precursor 
material at a temperature of about 400 C. to about 1400 C. 
and recovering a nanostructured TCP article having a BET 
Surface area of about 20 m/g or greater and an average 
particle size of about 5 micron or less. 

0017. In another aspect the invention provides a particu 
late TCP composition having an average crystal size Small 
enough that the composition can be Sintered to a theoretical 
density of about 90% or greater by pressureless sintering. In 
another aspect, a method is provided comprising Sintering a 
composition comprising a TCP to a theoretical density of 
about 90% or greater by pressure-assisted sintering. The 
invention also includes a method involving sintering TCP in 
the absence of any Sintering additives. 

0018. Other advantages, novel features, and objects of the 
invention will become apparent from the following detailed 
description of the invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

0019. The present invention provides methods for the 
Synthesis of nanostructured TCP, processing of nanostruc 
tured TCP into implantable articles, and Steps for carrying 
out related methods. Desirably, these methods result in one 
or more improvements related to (a) microstructural control 
and design on the nanometer Scale, (b) phase uniformity and 
chemical homogeneity on the molecular level, (c) unifor 
mity of chemical and physical properties, (d) machinability 
of partially consolidated tricalcium phosphates, (e) sintering 
behavior, (f) mechanical reliability and strength, (g) net 
shape forming, (h) manufacturing of porous and dense 
bodies, (i) formation of composite materials, and/or () gene, 
drug and protein delivery devices. 
0020. The inventive synthetic methods preferably lead to 
exceptional microstructural control over the TCP products. 
Accordingly, the TCP provided in accordance with the 
invention preferably can be densified with an ultrafine 
microStructure leading to reduced flaw sizes, greater reli 
ability, better mechanical properties (e.g., strength and frac 
ture toughness), improved ductility, and enhanced bioactiv 
ity compared to conventional polycrystalline TCP having a 
coarser microStructure. Because of the finer microstructure, 
TCP of the invention can be densified without the need for 
Sintering aids and at Substantially lower temperatures. The 
nanostructured TCP not only provide Superior mechanical 
properties, but also offer the potential for Superplastic net 
shape forming for inexpensive rapid prototyping. 

0021. The present invention further provides a TCP com 
position comprising deagglomerated nanometer-sized TCP 
particles. A wet chemical approach is used in the Synthesis 
of preferred compositions leading to the advantages that 
compositional homogeneity is provided. Furthermore, the 
method is versatile and easy to control both in terms of the 
preparative reactions and the character of the reaction prod 
uct. The processing can be tailored for different applications 
such as consolidated/densified TCP articles, porous bodies, 
coatings, cements, and composites by controlling the mor 
phology, size, and reactivity of the precipitated particles. 
The TCP compositions of the invention preferably comprise 
TCP powder having a particle size on the order of several 
microns or leSS and a narrow log normal particle size 
distribution. 

0022 Crystal size typically governs bulk properties in a 
consolidated or densified article prepared from the TCP 
composition. Minimization of TCP crystal size makes con 
Solidation of the crystals, for example during Sintering, 
easier because Smaller crystals can re-arrange and pack more 
readily with respect to each other, and because agglomera 
tion of crystals prior to densification is minimized which 
enhances densification. Accordingly, preferably the TCP 
powder of the invention has an average particle size that 
approaches the average crystal size of the material. In 
addition, the bioceramic TCP material of the invention 
having very Small crystal sizes is ideal for use in powders or 
coatings, and for use with bones. The crystal size of healthy 
bone is approximately 20-30 nm, and bioceramic material 
having Similar crystal size will be more compatible with 
bone as a result. 

0023. Accordingly, the compositions of the invention 
comprise particulate TCP having an average crystal size of 
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about 250 nm or less (e.g., about 220 nm or less, about 200 
nm or less, or about 180 nm or less). Preferably, the crystal 
size is about 150 nm or less (e.g., about 130 nm or less), 
more preferably about 100 nm or less (e.g., about 80 nm or 
less, or about 50 nm or less), and most preferably about 30 
nm or less (e.g., about 20 nm or less). In Some embodiments, 
it is desirable that the particulate TCP have an average 
crystal size of about 500 nm or more (e.g., about 1 micron 
or more, about 3 micron or more, about 12 micron or more, 
or even about 60 micron or more) in order to retard the rate 
of TCP resorption. 
0024. In addition, the compositions of the invention 
comprise particulate TCP having a Small average particle 
size, in particular an average particle size of about 5 um or 
less (e.g., about 3 um or less, about 2 um or less, or about 
1 um or less), preferably an average particle size of about 
800 nm or less (e.g., about 650 nm or less), more preferably 
an average particle size of about 500 nm or less (e.g., about 
400 nm or less). In some embodiments, it is desirable that 
the particulate TCP have an average particle size of about 
100 nm or more (e.g., about 150 nm or more, or about 200 
nm or more). Any combination of preferred particle size and 
preferred crystal size can define a preferable combination of 
the invention, for example an average crystal size of about 
150 nm or leSS and an average particle size of about 1 um or 
less, etc. Preferably, the crystal size is determined by peak 
broadening analysis of X-ray diffraction peaks or by TEM, 
and particle Size is determined by laser Scatter or diffraction, 
or by electron microcopy (e.g., TEM or SEM). 
0025 Typically, the particulate TCP has a narrow log 
normal particle size distribution. For example, typically 
about 25% or more (e.g., about 50% or more, about 75% or 
more) of the TCP particles have a particle size of about 1 
micron or less (e.g., about 100 nm to about 800 nm). 
Furthermore, 90% or more of the TCP particles have a 
particle size of less than about 10 microns or less (e.g. about 
7.5 microns or less, about 5 microns or less). The crystal size 
and particle Size can be determined by any Suitable tech 
nique, including for example those techniques described 
above. 

0026. The compositions of the invention preferably com 
prise TCP particles having a high Surface area. Typically, the 
BET surface area is about 20 m /g or greater. Preferably, the 
BET surface area is about 40 m/g or greater (e.g., about 60 
m/g or greater, or about 80 m/g or greater), more prefer 
ably about 100 m/g or greater (e.g., about 120 m/g or 
greater, or about 150 m/g or greater). 
0027. The TCP particles can have any suitable morphol 
ogy, for example the particles can have an aspect ratio of 
about 1:1 to about 50:1. The morphology of the TCP 
particles will depend on the desired application. When the 
TCP particles are to be used to form a densified article, 
preferably the TCP composition comprises TCP particles 
that are Substantially equiaxed (e.g., having an aspect ratio 
of about 3:1 or less, about 1.5:1 or less, or about 1:1). When 
the TCP particles are to be used to form a porous consoli 
dated article or as the reinforcing agent a dense composite 
article, preferably the TCP composition comprises TCP 
particles that are whisker-like (e.g., having an aspect ratio of 
about 3:1 or more, 5:1 or more, or even 10:1 or more). 
0028. The TCP compositions of the invention desirably 
are prepared using a wet chemical approach. The wet 
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chemical approach involves (i) precipating a TCP precursor 
material (e.g., monetite (CaHPO), brushite 
(CaFHPO2H2O), hydroxyapatite, amorphous calcium phos 
phate, octacalcium phosphate, or combinations thereof), (ii) 
recovering the TCP precursor material, (iii) milling the TCP 
precursor material to form a powder in which the TCP 
precursor crystals are agglomerated to a minimal extent, and 
(iv) transforming the TCP precursor powder to form TCP. 
Preferably, the individual nanocrystals of the precipitated 
TCP precursor material define individual particles. The 
method optionally further comprises (V) consolidating and 
densifying the TCP to form a TCP material or article having 
useful properties. A wet chemical approach is used in the 
Synthesis of preferred compositions leading to the advan 
tages that compositional homogeneity is provided and the 
method is versatile and easy to control both in terms of the 
preparative reactions and character of the reaction product. 
0029. In order to produce TCP having properties tailored 
for a particular application, a Series of processing parameters 
are provided in accordance with the invention that affect the 
molecular and structural development and chemistry of the 
TCP precursor material, Such as aging temperature, aging 
time, addition rate of reactants (Such as addition rate of 
calcium nitrate Solution to basic ammonium hydrogen phos 
phate solution in TCP production), solution pH during 
chemical precipitation, precursor concentration and Solvent 
environment. Parameters affecting the agglomeration and 
densification of ceramic particles Such as milling method, 
calcination temperature/method, and Sintering temperature/ 
method also are provided. 
0.030. As discussed above, the wet chemical approach 
involves precipitating a TCP precursor material from a 
Solution containing a calcium Salt and a phosphate Source. 
The calcium and phosphate Sources can be any Suitable 
Sources, many of which are commonly known in the art. For 
example, the calcium Source can be selected from the group 
consisting of calcium nitrate and any hydrate thereof, cal 
cium nitrite, calcium nitride, calcium acetate and any 
hydrate thereof, calcium hydroxide, calcium alkoxide (e.g., 
diethoxide, diisopropoxide, and dibutoxide), calcium car 
bonate, calcium chloride, calcium chlorite, calcium 
hypochlorite, calcium chlorate, calcium proprionate, cal 
cium perchlorate, and combinations thereof. Preferably, the 
calcium Source is calcium nitrate. The phosphate Source can 
be Selected from the group consisting of ammonium hydro 
gen phosphate, ammonium dihydrogen phosphate, ammo 
nium phosphate, phosphoric acid, phosphorous alkoxides 
Such as trialkylphosphates (e.g., tributylphosphate or triethyl 
phosphate) or trialkylphosphites (e.g., tributylphosphite or 
triethyl phosphite), f-glycerophosphate, butyl acid phos 
phate, phosphonoacetic acid, phosphorous pentoxide and 
combinations thereof. Preferably, the phosphate source is 
ammonium phosphate, ammonium hydrogen phosphate, 
ammonium dihydrogen phosphate, or a combination thereof. 
0.031 Desirably, the calcium salt and phosphate sources 
are formed as Separate Solutions, stable Suspensions, or 
emulsions that are Subsequently combined. The Solvent can 
be any suitable solvent. TCP precursors can be precipitated 
in water, a polar organic Solvent (e.g., methanol, ethanol, 
isopropanol, acetone, or toluene), or a mixture thereof. If 
water and a polar organic Solvent are used as a mixture, the 
polar organic Solvent desirably is miscible with the water. 
Preferably, the TCP precursor powder is precipitated from a 
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mixture of water, alcohol, oil and Surfactant. If water or a 
water and polar organic Solvent mixture is used, water 
Soluble calcium Salts. Such as calcium nitrate and any hydrate 
thereof, calcium nitride, calcium nitrite, calcium acetate and 
any hydrate thereof, calcium hydroxide, calcium chloride, 
calcium chlorite, calcium hypochlorite, calcium chlorate, 
calcium perchlorate, and combinations thereof and water 
Soluble phosphate Salts. Such as ammonium hydrogen phos 
phate, ammonium dihydrogen phosphate, ammonium phos 
phate, phosphoric acid, B-glycerophosphate, butyl acid 
phosphate, phosphonoacetic acid, and combinations thereof 
preferably are used. 
0032. The calcium source solution and phosphate source 
Solution can have any Suitable concentration. Typically, the 
concentration of the phosphate Source Solution is about 
two-thirds the concentration of the calcium Source Solution. 
Desirably, the calcium Source Solution has a concentration of 
about 2 M or less (e.g., about 1.5 M or less, or about 1 M 
or less). Optimal physical and chemical properties of the 
precipitate TCP precursor material are obtained when rela 
tively low Source Solutions are used, although yields of the 
TCP precursor precipitate are reduced when using lower 
concentration Solutions. Accordingly, calcium Source Solu 
tion concentrations of about 0.1 M to about 1.5 M (e.g., 
about 0.12 M to about 1 M, or about 0.15 M to about 0.5 M) 
are preferred. The phosphate Source Solution typically has a 
concentration of about 1.3 M or less (e.g., about 1 M or less, 
or about 0.6 M or less). Preferably, the phosphate source 
Solution has a concentration of about 0.05 M to about 1 M 
(e.g., about 0.07 M to about 0.6 M, or about 0.1 M to about 
0.3 M). 
0033 Preferably, the TCP precursor material is precipi 
tated from calcium Source Solutions and phosphate Source 
Solutions having a molar ratio of calcium to phosphorous of 
about 1 to about 2 (e.g., about 1.2 to about 1.8). More 
preferably, the molar ratio of calcium Source to phosphorus 
Source is about 1.4 to about 1.6, more preferably about 1.5 
(i.e., 3:2). The TCP precursor material can be formed by 
addition of a calcium Source Solution to a phosphate Solu 
tion, by addition of a phosphate Source Solution to a calcium 
Source Solution, or by Simultaneous mixing of a calcium Salt 
Solution and a phosphate Source Solution. Preferably, the 
calcium Salt Solution is added to the phosphate Source 
Solution. 

0034) Control of the mixing rates (e.g., addition rates) of 
the calcium Source to the phosphate Source (or alternatively 
the phosphate Source to the calcium Source) is advantageous 
for controlling the size of the resulting TCP precursor 
crystallites. Desirably, the addition rate of the calcium 
Source to the phosphate Source (or Vice versa) is about 0.1 
mmol/min or more (e.g., about 1 mmol/min or more, about 
10 mmol/min or more, about 50 mmol/min or more, or even 
about 100 mmol/min or more). Preferably, the mixing rate is 
very large (e.g., instantaneous mixing is most preferred); 
however, the actual mixing rate typically is limited by the 
mixing/agitation equipment being used and generally is 
about 1 mol/min or less (e.g., about 0.8 mol/min or less, or 
about 0.6 mol/min or less). Preferably, the mixing rate (e.g., 
addition rate) is about 1 mmol/min to about 1000 mmol/min, 
more preferably about 10 mmol/min to about 500 mmol/ 

. 

0035. The pH of the calcium and phosphate solutions has 
been found to be an important parameter for controlling the 
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type of TCP precursor material that is formed. Desirably, the 
TCP precursor material is precipitated from a solution 
having a pH of from about 5 to about 11, more preferably 
from about 7 to about 10. When the solution pH is about 5 
or 6, the TCP precursor material typically comprises mon 
etite, brushite, or a combination thereof. When the Solution 
pH is 10 or above, the TCP precursor material typically 
comprises a poorly crystalline apatitic calcium phosphate 
material. When the solution pH is about 7 to about 10, the 
TCP precursor material typically comprises predominantly 
amorphous calcium phosphate, octacalcium phosphate 
(Cash (PO).5H2O), apatitic TCP, or a combination 
thereof. The pH of the precursor solutions can be adjusted by 
addition of one or more common pH adjustors. The pH 
adjustor can be any Suitable pH adjustor, for example nitric 
acid, acetic acid, ammonium hydroxide, or tetramethylam 
monium hydroxide (e.g. tetraethylammonium hydroxide or 
tetrabutylammonium hydroxide). Preferably, the pH adjus 
tor is nitric acid, ammonium hydroxide, or a combination 
thereof. 

0.036 The precipitated TCP precursor material is then 
recovered from the reaction mixture, for example by filter 
ing, filter pressing, centrifugation, or Settling and decanta 
tion. Preferably, the TCP precursor material is aged prior to 
recovery. The TCP precursor material can be aged at any 
Suitable temperature and for any Suitable amount of time. 
Typically, the TCP precursor material is aged at a tempera 
ture between about 0° C. and about 90° C., preferably 
between about 5 C. and about 50° C., and more preferably 
between about 10° C. and about 30° C. (e.g., about 20° C). 
Typically, the TCP precursor material is aged for about 1 
minute or more (e.g., about 30 minutes or more, or about 60 
minutes or more). Preferably, the TCP precursor material is 
aged for about 2 hours or more (e.g., about 5 hours or more, 
about 10 hours or more, about 30 hours or more, about 50 
hours or more, or even about 100 hours or more). After 
aging, the TCP precursor material can be collected and then 
redispersed in a Solution having the same Solvent and pH as 
the reaction Solution. 

0037. The recovered TCP precursor material desirably is 
dried to form a powder and then is milled. The dry TCP 
precursor powder can be milled by any Suitable method and 
in the absence or presence of any Suitable Solvent. Prefer 
ably, the dry TCP precursor powder is milled in the presence 
of anhydrous alcohol, acetone, toluene, or a combination 
thereof. After milling, the dry TCP precursor powder is dried 
again. 

0038. The dried and milled TCP precursor powder is then 
transformed into a TCP powder, preferably a nanocrystalline 
TCP powder. Typically, the TCP precursor powder is cal 
cined under a set of conditions that allow dehydroxylation 
and production of a robust TCP material having the prop 
erties described above. Desirably, calcination of the TCP 
precursor material produces a pure phase O-TCP or B-TCP, 
although many other products can be formed. Such other 
products can include mixed-phase materials, for example 
hydroxyapatite/O-TCP, hydroxyapatite/B-TCP, O-TCP/B- 
TCP, and hydroxyapatite/O-TCP/B-TCP. The composition 
and properties of the TCP material formed by calcination 
will depend, at least in part, on the calcination conditions, 
Such as the temperature, temperature ramp rate, time, cool 
ing rate, and oven atmosphere. Desirably, the calcination 
temperature is about 400° C. to about 1400° C. (e.g., about 
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500° C. to about 1300° C., or about 600° C. to about 1200 
C.). Pure phase f-TCP typically is formed by calcining in 
vacuum at a temperature of about 400 C. to about 900 C. 
(e.g., about 600° C. to about 800° C.). Pure phase O-TCP 
typically is formed by calcining at a higher temperature of 
about 1000° C. to about 1400° C. (e.g., about 1100° C. to 
about 1250° C.). A mixed O-TCP/B-TCP can be formed by 
Soaking the TCP precursor powder at a first calcination 
temperature that is greater than 1000° C. (i.e., to allow for 
full or partial formation of O-TCP) and then soaking the TCP 
precursor powder at a Second temperature that is less than 
1000° C. (i.e., to allow for partial formation of B-TCP). Of 
course, a mixed C-TCP/B-TCP material also can be pro 
duced by soaking the TCP precursor powder at a first 
temperature that is less than 1000 C. (i.e., to allow for full 
or partial formation of B-TCP) and then soaking the TCP 
precursor powder at a Second temperature that is greater than 
1000 C. (i.e., to allow for partial formation of O-TCP). 
0039 The ramp rate will depend in part on the type of 
calcination apparatus that is being used and the type of 
material being calcined. The ramp rate typically is very rapid 
and is limited only by the ability of the oven being used to 
produce a linear well-controlled heating temperature. When 
the TCP precursor material further comprises an organic 
material that is to be removed by heating, the ramp rate can 
be slower to ensure complete removal of that organic 
material. 

0040. The calcination time typically is about 15 min or 
more (e.g., about 30 minor more, or about 1 hour or more) 
and about 15 hours or less (e.g., about 12 hours or less, or 
about 10 hours or less). Preferably, the calcination time is 
about 1 hour to about 4 hours, more preferably about 1.5 
hours to about 2.5 hours (e.g., about 2 hours). Generally, 
Short calcination times (e.g., about 1 hour or less) produce 
composite TCP materials having Smaller crystal sizes, while 
longer calcination times (e.g., about 4 hours or more) 
produce pure phase TCP having larger crystal sizes. A 
calcination time of about 1 hour to about 4 hours typically 
produces pure phase nanocrystalline TCP powder. The cool 
ing rate (i.e., quenching rate) following calcination will 
depend on the type of material being produced. For example, 
when producing O-TCP the cooling rate desirably is rapid to 
avoid formation of B-TCP. Contrastingly, when producing 
B-TCP the cooling rate is less important. 
0041. The TCP precursor material desirably is calcined in 
the presence of a reducing atmosphere. The reducing atmo 
Sphere can be any Suitable reducing atmosphere; for 
example, the atmosphere can be a vacuum or a gaseous 
atmosphere comprising nitrogen, argon, helium, hydrogen, 
and mixtures thereof. Preferably, the reducing atmosphere is 
a Vacuum or a gaseous atmosphere comprising nitrogen. 
0042. As an alternative to the thermal treatments (e.g., 
calcination) typically used to form C- or B-TCP from the 
TCP precursor material, X-rays, microwaves, electronbeam, 
or other similar radiation can be used to form TCP from the 
TCP precursor material and Still maintain Small crystal sizes. 
By controlling the intensity of the radiation beam and length 
of exposure, the desired TCP phase can be formed. For 
example, B-TCP can be transformed into C-TCP having an 
average crystal size of about 50 nm by exposure to a high 
intensity and high energy X-ray beam for about 5 minutes. 
0043. Using TCP synthesis via the wet chemistry route 
provided in the invention, a variety of useful applications are 
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realized. First, TCP powders are provided which can be used 
as bone grafts, bone Substitutes, Void fillers, pastes, or 
cements. Second, TCP powders can be used to form TCP 
coatings including, for example, thermal Spray coatings, 
liquid-based coatings, Sputtered coatings, vapor-phase coat 
ings, coatings via wet chemical methods, and the like, many 
of which are known in the art. Such coatings can benefit 
from the composition of the invention as the very Small 
particle size results in higher-quality and better-adherent 
coatings. Porous coatings can be made by admixing an 
organic Species with the bioceramic, forming the coating, 
and burning out the organic material. Similarly, Self-as 
Sembled Surfactants can be used to form very Small pores. 
For larger pore articles, a polymer can be admixed with the 
bioceramic crystalline powder and burned out after Solidi 
fication. Third, the TCP compositions of the invention are 
easily formable by net shape forming, green machining, or 
machining after Sintering because of their Small crystal and 
particle size. 
0044) In one aspect of the invention, the TCP composi 
tions are provided as consolidated particulate TCP, where 
“consolidated” is meant to define a collection of TCP 
particles that forms a Self-Supporting Structure. TCP can be 
consolidated by any Suitable technique, for example by 
providing particulate TCP in a press and compressing the 
TCP to form an article. The consolidated particulate TCP can 
be dense or porous. It has generally been relatively Straight 
forward to make porous ceramic articles, but significantly 
more difficult to make dense ceramic articles. The very Small 
TCP particle size of the invention allows formation of very 
dense articles. Such dense, Strong materials can be used as 
implants, in particular as load-bearing implants (e.g., dental 
and orthopedic implants) where strength is required, Such as 
pins, Screws, threaded bodies, inter-body Spacers, and plates 
for fracture fixation and fusion, Spinal fusion, ball joints for 
hips, crowns for teeth, etc. The consolidated article also can 
be formed into the shape of a prosthesis, or can define at 
least part of a prosthesis Such as an exterior coating on a 
prosthesis. In a particularly preferred embodiment, the con 
solidated and densified TCP article is used as a spinal 
implant, an internal or external fixation implant, or an 
implant for Soft tissue attachment, the shapes and dimen 
Sions of which are commonly known in the art. Spinal 
implants can be in the form of a Screw and plate, a vertebral 
body replacement, or an inter-body Spacer. In other preferred 
embodiments, a densified TCP article of the invention can be 
modified so as to have a bored hole that is filled with a 
Secondary additive Such as a polymeric additive (e.g., a 
polymer Sponge, or collagen) which optionally contains one 
or more biological or pharmaceutical additives as described 
above. 

004.5 The consolidated TCP article can have any suitable 
dimensions. The dimensions will depend on how the con 
solidated TCP article is being used, for example, the type of 
implant, prosthesis, or implant/prosthesis coating. The 
dimensions for Such articles are commonly known in the art. 
Typically, the consolidated TCP article will have a minimum 
dimension of about 0.5 cm or greater (e.g., 0.8 cm or greater, 
about 1 cm or greater, or about 2 cm or greater). For 
example, when used as an exterior coating on a prosthesis, 
the consolidated TCP article is about 0.5um thick or greater 
(e.g., about 1 um or greater) in at least one region, and has 
a lateral dimension of about 0.5 cm or greater (e.g., about 1 
cm or greater) relative to the article coated. In Some embodi 
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ments, the consolidated TCP article has a maximum dimen 
Sion of about 10 cm or less (e.g., about 7.5 cm or less, or 
about 5 cm or less). 
0046 Typically, the consolidated article has an average 
crystal size (e.g., grain size) of about 80 um or less (e.g., 
about 75 um or less, about 50 um or less, or about 25um or 
less). Preferably, the consolidated article has an average 
crystal size of about 10 um or less (e.g., about 1 um or less, 
about 750 nm or less, about 500 nm or less, or about 300 nm. 
or less). In Some embodiments, it is desirable that the 
consolidated article has an average crystal Size of about 100 
nm or more (e.g., about 150 nm or more, or about 200 nm 
or more). The consolidated article preferably has a crystal 
size distribution of about +0.75 (e.g., about +0.5, about 
+0.25, or about t0.1) times the average crystal size. 
0047 The theoretical density of consolidated articles of 
the invention preferably is about 25% or greater, more 
preferably about 40% or greater, and even more preferably 
about 55% or greater. In a preferred embodiment, the TCP 
powder is formed into a densified particulate TCP article 
where "densified” is defined as having undergone a densi 
fication Step to create a Self-Supporting article. Preferably, 
the TCP powder is densified to a theoretical density of about 
60% or greater (e.g., about 70% or greater, or about 80% or 
greater). More preferably, the article has a density that is 
about 90% or more (e.g., about 95% or more, or about 98% 
or more) of the theoretical density. 
0048. The densified articles typically have a compressive 
strength (ASTM C 1424–99) of about 150 MPa or greater 
(e.g., about 300 MPa or greater), preferably about 500 MPa. 
or greater (e.g., about 600 MPa or greater, or about 700 MPa 
or greater). The three-point bending strength (ASTM 
C1161-94) typically is about 100 MPa or greater (e.g., about 
200 MPa or greater), preferably about 300 MPa or greater 
(e.g., about 400 MPa or greater). Generally, the three-point 
bending strength is about 700 MPa or less (e.g., about 600 
MPa or less). The densified articles typically have a fracture 
toughness (ASTM C 1421-01a) of about 0.5 MPam' or 
greater (e.g., about 1 MPam' or greater, or about 1.5 
MPam or greater). Generally, the fracture toughness is 
about 5 MPam' or less (e.g., about 4 MPam' or less). 
Such densified TCP articles can be partially or fully trans 
parent. Preferably, the articles are able to transmit about 50% 
or more (e.g., about 70% or more, or about 90% or more) 
light having a wavelength in the range of about 150 nm to 
about 1,000 nm. 
0049. The ability to readily densify the TCP material of 
the invention indicates that the TCP material also is of a 
quality that can make it very useful for applications that do 
not necessarily require density. That is, densification can be 
used as a Screening test for a particularly useful composition, 
and many compositions of the invention are referred to as 
densifiable under certain conditions but need not necessarily 
be densified. As such, the TCP compositions of the invention 
can also be used to make relatively porous materials/articles 
for use in applications requiring high-Surface-area, flowable, 
castable materials Such as cement for teeth, cement for 
cranial Surgery, and the like. In Some cases, porosity can be 
tailored for a particular purpose Such as for bone ingrowth 
where pores of approximately 200 um may be desirable. 
0050. The porosity of these materials/articles desirably is 
about 20% or greater. Preferably, the porosity is about 30% 
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or greater (e.g., about 40% or greater, or about 50% or 
greater). More preferably, the porosity is about 60% or 
greater (e.g., about 70% or greater). The average pore size 
typically is about 300 um or less (e.g., about 200 um or less, 
about 150 um or less, about 100 um or less). Preferably, the 
average pore size is about 50 um or less (e.g., about 20 um 
or less, or about 10 um or less). Typically the average pore 
Size is about 25 nm or more (e.g., about 50 nm or greater, 
about 100 nm or greater). Preferably, the average pore size 
is about 200 nm or greater (e.g., about 500 nm or greater, or 
about 1 um or greater). 
0051. The consolidated porous articles can have a com 
pressive strength (ASTM C1424–99) of about 50 MPa or 
greater (e.g., about 100 MPa or greater, or about 150 MPa or 
greater). In addition, the consolidated porous articles can 
have a three-point bending strength (ASTM C1161-94) of 
about 20 MPa or greater (e.g., about 40 MPa or greater, or 
about 60 MPa or greater). Generally, the compressive 
strength is about 500 MPa or less and the three-point 
bending strength is about 400 MPa or less. The consolidated 
porous articles typically have a fracture toughness (ASTM 
C1421-01a) of about 0.2 MPam' or greater (e.g., about 0.5 
MPam' or greater). Generally, the fracture toughness is 
about 1 MPam' or less. 

0.052 In other embodiments, the densified article com 
prising TCP has a void volume of about 75% or less (e.g., 
about 50% or less, about 25% or less about 10% or less or 
about 5% or less). Such a densified article need not entirely 
consist of TCP, rather the article can be a biphasic or 
composite TCP article. For example, the article can consist 
of a porous TCP structure, wherein the porosity is filled in 
by the presence of a Secondary additive Such as a structural 
additive (e.g., hydroxyapatite, Silver, gold, or magnesium 
alloy) or an organic additive (e.g., a polymer). Such com 
posite materials will be described in further detail herein. 

0053) Typically, the consolidated TCP article described 
above is prepared from a TCP powder (e.g., a calcined TCP 
powder) by Sintering under mild conditions. The consoli 
dated TCP structures can comprise B-TCP, C-TCP, or a 
mixture thereof. Typically, the calcined TCP powder is 
compacted and fired at a sintering temperature of about 400 
C. to about 1400° C. (e.g., about 600° C. to about 1300° C). 
The Sintering time typically is about 30 minutes or more 
(e.g., about 60 minutes or more) and about 3 hours or less 
(e.g., about 2 hours or less). To form a sintered B-TCP, 
compacted B-TCP powders are Sintered at a temperature of 
about 1150° C. or less. To form a sintered O-TCP, compacted 
O-TCP powders are sintered at a temperature of about 1150 
C. or more. To form a C-TCP/B-TCP sintered composite, 
compacted C-TCP powder can Sintered at a temperature of 
about 1150 C. or less, compacted ?-TCP powders can be 
sintered at a temperature of about 1150° C. or more, or a 
compacted mixture of O-TCP and B-TCP powders can be 
sintered at a temperature of about 400° C. to about 1400 C. 
(e.g., about 600° C. to about 1200° C.). 
0.054 The calcined compositions of the invention can be 
Sintered to a high theoretical density as discussed above 
without the need for “sintering aids,' many of which are 
known in the art, including glasses and low melting point 
glassy oxides that become highly viscous and flow freely 
during Sintering but results in an interfacial glassy phase that 
weakens an article formed therefrom. 
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0055. In one preferred embodiment, the TCP composi 
tions of the invention are densified without external preSSure 
(i.e., via pressureless sintering). Pressureless sintering gen 
erally is carried out at a low Sintering temperature and for 
relatively short periods of time. For example, the Sintering 
time typically is about 2 hours or less, preferably about 1 
hour or less, more preferably about 30 minutes or less. 
PreSSureleSS Sintering can be used because of the unique 
nature of the TCP material of the invention. In particular, the 
average particle size and particle size distribution of the TCP 
powder of the invention desirably is Such that the compo 
Sition can be pressurelessly Sintered to a theoretical density 
of about 90% or more, preferably about 95% or more, and 
more preferably about 98% or more at a sintering tempera 
ture of about 400° C. to about 1400° C. (e.g., about 600° C. 
to about 1200° C.). 
0056. In another preferred embodiment, the consolidated 
and/or densified TCP articles of the invention can be formed 
by colloidal pressing (i.e., wet pressing), hot pressing, or hot 
isotactic pressing. Colloidal pressing is a process by which 
a stabilized sol of TCP precursor material, optionally con 
taining binderS or lubricants, is uniaxially pressed in a die to 
remove the solvent. A stabilized Sol of material is defined as 
a Suspension of particles, which do not undergo Sedimenta 
tion appreciably over time. Frits within the die allow the 
Solvent to escape as the die is pressurized while trapping the 
Solid particles. Once enough Solvent is removed to obtain a 
Solid pellet, the pellet is removed and is carefully dried to 
prevent drying stresses from cracking the pellet. After fully 
drying the pellet, the pellet is cold isostatically pressed 
(CIPed) and then undergoes pressureless Sintering as dis 
cussed above. Colloidal pressing prevents particle agglom 
eration that is often associated with working with a dry 
powder, and benefits from the lubrication effects of the 
Solvent during pressing, which allow the particles in Solution 
to rearrange into the densest packing. 
0057 Hot pressing is a form of pressure-assisted sinter 
ing whereby a pressure is applied uniaxially to a powder 
contained within the die during Sintering to obtain a fully 
dense plate. This plate can then be machined into the desired 
shape. Hot isostatic pressing is a form of pressure-assisted 
Sintering whereby a pressure is applied isostatically to a 
formed part. The part can be Sintered to closed porosity or 
can be an encapsulated green body that has prepared by 
well-known net Shape forming techniques Such as cold 
isostatic pressing, green machining slip or gel casting, or 
injection molding. The pressure-assisted Sintering allows for 
more rapid densification and a lower Sintering temperature. 
Typically, a pressure of about 10 MPa or more and about 1 
Gpa or less (e.g., about 500 MPa or less, or about 250 MPa 
or les) and a sintering temperature of about 400 to about 
1200° C. is used in pressure-assisted Sintering. Generally, 
the use of higher Sintering preSSure enables the use of a 
lower Sintering temperature. 

0058. In all of the compositions, articles, and methods 
described above, the preferred compositions, articles, and 
products of methods comprise TCP either alone or option 
ally in combination with a Secondary additive to define a 
composite article. The Secondary additive can be a struc 
tural, organic, polymeric, biological and/or pharmaceutical 
additive. The Secondary additive can be present in any 
Suitable amount and preferably is present in an amount 
ranging from about 1% to about 50% (e.g., about 5% to 
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about 40%) by volume, preferably from about 15% to about 
35% by volume. In a preferred embodiment, the secondary 
additive and TCP material are each nanocrystalline So as to 
form a "nano/nano' composite material. 
0059 Composites provided in the invention, in particular 
Zirconia-toughened TCP, possess even better mechanical 
strength than pure TCP and have the potential as material of 
choice for load-bearing applications. The chemical precipi 
tation process of the invention can also be modified to 
provide a variety of other novel products Such as coatings, 
cements, pastes and drug/gene delivery. 
0060 Composites of TCP with a secondary additive can 
be formed by any suitable method. For example, the TCP 
precursor material can be precipitated from a Solvent as 
described above, wherein the Solvent contains, in Suspen 
Sion, one or more Secondary additives, or the TCP precursor 
material can be provided in Suspension in a Solvent from 
which is precipitated the secondary additive. Preferably, the 
TCP precursor material and Secondary additive(s) are co 
precipitated essentially simultaneously. Alternatively, the 
TCP precursor material can be calcined or sintered in the 
presence of the Secondary additive. In yet another method, 
the TCP powder can be independently recovered and the 
Secondary additive independently provided (rather than pre 
cipitation from a common Solvent or Suspension), and Sub 
Sequently admixed and Sintered. 
0061 Structural additives can be added to the TCP to 
Structurally reinforce the nanocomposite material. The Struc 
tural additive can be any suitable structural additive. Suit 
able Structural additives include ceramics, metals, alloys, 
and combinations thereof. Ceramics preferred for use in 
composites include metal oxides (e.g., alumina, Zirconia, 
and titania), Silicon carbides, silicon nitrides, combinations 
thereof, and other structural ceramics. Metals preferred for 
use in composites include Mg, Ti, Ta, Nb, Al, Ni, W, Fe, Mo, 
Co, Zr, Au, Ag, V, alloys thereof, Stainless Steel, combina 
tions thereof, and other structural metals. Other Suitable 
Structural additives include apatite and carbon. The Struc 
tural additive can have any Suitable size or shape. For 
example, the Structural additive can have the shape of 
particles, rods, whiskers, plates, nanotubes, or fibers. In 
particular, Structural additives having non-spherical aspect 
ratios are desirable and contribute to great improvements in 
the fracture toughness and Strength. Preferably, the Structural 
additive is Selected from the group consisting of nanocryS 
talline alumina plates, hydroxyapatite whiskers, carbon 
fibers or nanotubes, Silver particles or rods, Zirconia particles 
or rods, and combinations thereof. The structural additive 
should be Selected to Strengthen the composite. The Second 
ary, non-TCP Structural component can form a major or 
minor component, with the overall composite having at least 
10% TCP, preferably at least 20% TCP, more preferably at 
least 50% TCP. 

0.062 Zirconia and alumina are used advantageously in 
compositions when toughening of a composition is desired. 
Compositions can be formulated based on mechanical prop 
erties desired. For example, if a Secondary phase is "pinned' 
at grain boundaries (e.g., forms an intergranular phase), 
ultra-fine crystal sizes can be maintained by preventing grain 
growth of the major phase, which Strengthens the material 
by reducing the defect size. The Secondary phases can also 
deflect or bridge cracks and transformation toughen absorb 
ing crack energy, thereby Strengthening the material. 

Feb. 10, 2005 

0063. The organic additive can be any suitable organic 
additive, for example a Surfactant (e.g., a cationic Surfactant 
Such as cetyl triammonium bromide or dodecyltrimethylam 
monium chloride; anionic Surfactants Such as Sodium Stear 
ate, calcium Stearate, Zinc Stearate, Sodium disopropylnaph 
talene Sulfonate or other alkali or ammonium citrates, 
acrylates, Sulfonates, Sulfates, lignoSulfonates, carboxylates 
and phosphates, and nonionic Surfactants Such as ethoxy 
lated nonylphenol, ethoxylated tridecyl alcohol, acetylenic 
diol). The polymeric additive can be any Suitable polymeric 
additive, for example a polymer Selected from the group 
consisting of polylactic acid, polyglycolic acid, polylactic/ 
polyglycolic acid copolymers, polypropylenefumarate, 
polyhydroxybutyric acid, polyhydroxyvaleric acid, polyca 
prolactone, polyhydroxycarboxylic acids, polybutyrene Suc 
cinate, polybutylene adipate, collagen, chitosan, alginate, 
cellulose, Starches, Sugars, polypeptides, polyethylene gly 
col, Vinyl pyrrollidones, acrylamides and methacrylates or 
any of their derivates, or a copolymer micelle Such as the 
triblock copolymer PEO-PPO-PEO, PPO-PEO-PPO, poly 
Vinylpyridine-polystyrene-polyvinylpyridine (PVP-PS 
PVP), PS-PVP-PS, PS-PEO-PS, PEO-PS-PEO, etc. The 
biological additive can be any Suitable biological additive, 
for example plasmid DNA or RNA or proteins (e.g., bone 
morphogenetic proteins 2, 4, 7). The pharmaceutical addi 
tive can be any Suitable pharmaceutical additive, for 
example bisphosphonates (e.g., alendronate) and cis-plati 
num, antibiotics, anti-inflammatories, anti-arthritism, eryth 
ropoeitin, etc. 
0064. In one preferred embodiment, the TCP porous 
articles described above are infiltrated with a Secondary 
additive Such as hydroxyapatite to form a fully dense article. 
This composite article will have sufficient strength for 
load-bearing applications. After implantation, the TCP will 
be Substantially resorbed leaving a porous structure of the 
Secondary composition (e.g., hydroxyapatite) into which 
bone will ingrow. In another preferred embodiment, a con 
Solidated article (e.g., an implant) comprising a TCP pre 
cursor material Such as hydroxyapatite is converted to a TCP 
composite article (e.g., a biphasic hydroxyapatite/TCP.com 
posite article). The TCP precursor material can be converted 
by any suitable means. Preferably, the TCP precursor mate 
rial is converted through the use of a laser light Source (e.g., 
X-ray, UV, electron, or neutron beam) as described above. 
For example, the Surface of a consolidated or densified 
hydroxyapatite article can be converted to O-TCP and/or 
B-TCP. Using a laser beam is particularly advantageous 
because the laser can convert the TCP precursor material in 
predictable ways (e.g., in Selected areas of an implant). A 
biphasic hydroxyapatite/TCP article will have the strength 
and structural stability of hydroxyapatite combined with the 
resorptive properties of TCP. The amount of TCP formed on 
the Surface of the article will depend on the penetration of 
the laser into the Surface and the length of time for exposure. 
Typically, the time of exposure is about 1 min to about 20 
min (e.g., about 2 minto about 10 min, or about 3 min to 
about 7 min). Desirably, about 1 um to about 250 um (e.g., 
about 5um to about 125 um) of the hydroxyapatite surface 
is converted to TCP, which is more readily resorbed than 
hydroxyapatite. 
0065. The articles and compositions of the invention 
desirably have a resorption time of about 1 month or more 
(e.g., about 3 months or more, about 6 months or more, or 
about 1 year or more). The rate of resorption will depend at 
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least in part on the crystal size of the composition or article. 
Smaller crystal sizes will be resorbed more rapidly than 
larger crystal sizes. The desired resorption rate will depend 
on the application and the crystal size can be tailored to 
match a desired resorption rate. In Some applications, it is 
desired that the resorption time be about 6 months or more 
(e.g., about 1 year or more, or about 2 years or more). 
0.066 The function and advantage of these and other 
embodiments of the present invention will be more fully 
understood from the examples below. The following 
examples are intended to illustrate the benefits of the present 
invention, but do not exemplify the full scope of the inven 
tion. 

EXAMPLE 1. 

0067. Optimization of Nanocrystalline TCP Synthesis 
For Sintering 
0068. The sinterability of nanocrystalline TCP powders 
can be improved by optimizing Synthesis parameterS Such as 
precursor concentration, addition rate, pH, aging time and 
aging temperature to produce a nanocrystalline TCP powder 
that will sinter to high density (e.g. greater than about 95% 
theoretical density) while a maintaining a nanocrystalline 
microStructure by pressureleSS Sintering. 
0069 Precursor solutions containing either 7.5 liters 
aqueous (NHL).HPO solution (NHP) or 7.5 liters aqueous 
Ca(NO) solution (CaN) are prepared at various concen 
trations. The precursor solutions contain enough NHP and 
CaN to maintain a calcium to phosphate ratio of about 3:2. 
The pH of the calcium and phosphate precursor Solutions is 
adjusted from about 5 to about 11 by adding either concen 
trated nitric acid or an organic acid Such as acetic acid to 
lower the pH or adding either concentrated ammonium 
hydroxide or an organic base Such as tetramethyl ammonium 
hydroxide. The precursor Solutions are mixed at flow rates 
ranging from about 20 ml/min to about 240 ml/min using a 
high-Speed and high-Shear mixer to achieve near-instanta 
neous high energy mixing. The precursor Solutions can be 
mixed (e.g., combined) in any order. For example, the CaN 
Solution can be added to the NHP solution, or the NHP 
Solution can be added to the CaN solution for a batch or 
semi-batch process. Alternatively, the CaN solution and the 
NHP solution can be simultaneously added to the mixer for 
a Semi-batch or continuous process. 
0070. Once the addition has been completed, the com 
bined Solutions are stirred and aged at temperatures ranging 
from about 0° C. to about 90° C. for about 0 to about 100 
hours. After aging, the precipitate is collected by centrifu 
gation, filtering or Settling and the Supernatant is decanted. 
The precipitate is then redispersed in a Solution having the 
Same pH as the decanted Supernatant. This washing proce 
dure is repeated two more times. Subsequently, the precipi 
tate is redispersed and washed with anhydrous alcohol (i.e., 
methanol, ethanol, isopropanol, etc.), acetone or toluene 
three more times to de-water the precipitate. The now 
gelatinous precipitate is then dried. The dried TCP precursor 
powder is then milled in anhydrous alcohol, acetone or 
toluene and then dried again. 
0071. The milled powders are then calcined in nitrogen 
during the ramp and under vacuum at the Soak temperature 
of about 650° C. for about 2 hours to fully transform the TCP 
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precursor powder into B-TCP. After calcination, the B-TCP 
powders are uniaxially pressed in StainleSS Steel dies to a 
pressure of about 150 MPa. These compacted pellets are 
then cold isostatically pressed (CIPed) at a pressure of about 
300 MPa for about 3 minutes. After CIPing, the pellets are 
then Sintered in oxygen by pressureleSS Sintering to a Soak 
temperature of about 1100° C. for about 2 hours to evaluate 
the sinterability of the calcined TCP powders in terms of 
density and microStructure. 

EXAMPLE 2 

0072 Determination of Optimal Conditions-Effect of 
Precursor Concentration 

0073. By varying the precursor concentration, the kinet 
ics of TCP precursor synthesis can be affected. By increasing 
the precursor concentration, the Solubility limit at a given pH 
is more rapidly exceeded, creating a burst of primary nuclei 
for crystal growth. However, as the reactants are continually 
added, the primary nuclei continue to grow rapidly. Conse 
quently, high precursor concentrations resulted in larger 
crystallite and particle sizes. 
0074. In this example, TCP precursor powders can be 
synthesized with CaN and NHP concentrations as high as 
1.5 M and 1.0 M, respectively, at an addition rate of about 
250 ml/min, at a temperature of 25 C., at an aging time of 
100 hours and at a pH of about 8.5. These conditions will 
result in a TCP with crystallite sizes greater than about 80 
nm, particle sizes about 8 tim, and Surface areas leSS than 
about 50 m/g. By reducing the precursor concentration, the 
primary nuclei grow more slowly. For example, when TCP 
precursor powders are precipitated from Solutions having 
CaN and NHP concentrations as low as 0.15 M and 0.1 M, 
respectively, at an addition rate of about 250 ml/min, at a 
temperature of 25 C., at an aging time of 100 hours, and at 
a pH of about 8.5, crystallite sizes less than about 30 nm, 
particles sizes less than about 1 um and Surface areas greater 
than about 125 m/g will be achieved. Finally, lower pre 
cursor concentrations are preferred because these conditions 
will result in theoretical densities exceeding 95% after 
pressureless sintering. When TCP precursor powders syn 
thesized at high precursor concentration are preSSurelessly 
sintered, theoretical densities only about 90% will be 
achieved. However, high precursor concentration are pre 
ferred if the TCP materials produced by these reactions are 
to be used as a coating, porous bodies, cements, pastes, or 
void fillers. 

EXAMPLE 3 

0075) Determination of Optimal Conditions-Effect of 
Addition Rate 

0076 By varying the precursor addition rate, nucleation 
and crystal growth rates can be controlled. Rapid addition of 
precursors results in localized high concentrations of pre 
cursors, exceeding the Solubility of TCP in those regions, 
which favors nucleation and formation of Small crystals. At 
the maximum flow rate of about 250 ml/min at CaN and 
NHP concentrations of 0.15 M and 0.1 M, respectively, at a 
temperature of 25 C., at an aging time of 100 hours and at 
a pH of about 8.5, TCP crystallite sizes of less than 30 nm, 
an average particle size about 1 um and Surface areas greater 
than about 125 m/g after calcination can be prepared. 
Furthermore, the use of a high-speed, high-Shear, high 
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energy mixer prevents the formation of non-uniform particle 
morphology and distribution and ensures chemical homo 
geneity. Slow addition of precursors results in a regime 
favoring crystal growth and formation of larger particles. At 
the minimum flow rate of about 20 ml/min at CaN and NHP 
concentrations of 0.15 M and 0.1 M, respectively, at a 
temperature of 25 C., at an aging time of 100 hours and at 
a pH of about 8.5, crystallite sizes greater than about 80 nm, 
an average particle size of 3 um and a Surface area less than 
about 100 m/g after calcination can be prepared. When 
Sintered, the higher addition rates will result in a theoretical 
density greater than 95% whereas the lower addition rates 
will result in a theoretical density only greater than about 
90%. 

EXAMPLE 4 

0077. Determination of Optimal Conditions-Effect of 
pH 
0078. Two parameters govern which phase will form for 
a given calcium phosphate: 

0079) 1) the initial calcium to phosphate ratio of the 
reactants and 2) the pH at which the reaction occurs. 
In this example, all reactions are conducted with a 
calcium to phosphorus ratio of about 1.5 to favor the 
synthesis of the TCP precursor phase at CaN and 
NHP concentrations of 0.15 M and 0.1 M, respec 
tively, at an addition rate of about 250 ml/min, at a 
temperature of 25 C., and at an aging time of 100 
hours. At an initial pH of about 6, the as-precipitated 
precursor phase is a monetite/brushite phase. At an 
initial pH of about 7, the as-precipitated precursor 
phase is also a monetite/brushite phase. At an initial 
pH of about 10, the as-precipitated precursor phase 
is a poorly crystalline apatite. When TCP precursor 
materials precipitated at a pH about 7 or lower are 
calcined, the monetite and brushite phases persist 
and B-TCP does not form. When TCP precursor 
materials precipitated at a pH about 10 or greater are 
calcined, the apatitic phase persists. However, 
B-TCP is formed when the calcination temperature is 
increased above about 800° C. Use of reaction pHs 
greater than about 10 is undesirable because 
hydroxyapatite is the thermodynamically favored 
phase at those pHs, regardless of the initial Ca/P 
ratio, requiring the use of higher calcination tem 
peratures to form TCP. At pHs about 7 or below, TCP 
is Soluble and acidic calcium phosphates are favored. 
These experiments indicate that the preferred pH 
range is above about 7 and below about 10 for 
obtaining a TCP precursor that can be calcined at 
650° C. to form a B-TCP, TCP powders prepared 
within this pH range will possess a crystal size of 
about 50 nm or less, a surface area of about 150 m°/g 
or more and a narrow particle Size distribution with 
an average Size of 1 lum. When Sintered under 
preSSureleSS conditions, a theoretical density of 
greater than 95% can be achieved. 

EXAMPLE 5 

0080 Determination of Optimal Conditions-Effect of 
Aging Time 
0081. The crystallinity and structural development of 
TCP is also affected by varying the aging time of the 
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precipitate. By increasing the aging time, the TCP precursor 
precipitate undergoes recrystallization via Ostwald ripening. 
AS a result, occluded impurities are removed and crystal 
Strain is reduced as free energy of the crystal decreases, 
while the crystal Structure becomes perfected and the 
exposed area is decreased. Non-uniform morphologies Such 
as needles, rods, or whiskers redissolve and are recrystal 
lized in more orderly morphologies Such as spheres (e.g., 
having an aspect ratio of about 3:1 or less) with the shapes 
of the primary particles approaching a homogeneous distri 
bution. Furthermore, longer aging times also ensure that the 
reagents are fully reacted and precipitate out of the Solution. 
In this example, all reactions occur at CaN and NHP 
concentrations of 0.15 M and 0.1 M, respectively, at an 
addition rate of about 250 ml/min, at a temperature of 25 C. 
and at a pH of about 8.5. 
0082 For applications requiring Sintering, aging times 
approaching 100 hours are preferred since TCP possessing a 
theoretical density greater than 95% with a crystal size less 
than about 250 nm can be obtained. The TCP powders after 
aging at about 100 hours will possess a crystal size less than 
about 50 nm, a surface area greater than about 150 m/g and 
a narrow particle size distribution with an average particle 
size of less than about 1 lum. TCP powders aged at shorter 
aging times, Such as 12 hours, 24 hours, or 48 hours, will 
possess Similar crystal sizes, Surface areas and particle size 
distribution. However, these aging times will not achieve 
theoretical densities greater than about 95% when sintered 
because of the non-uniform morphologies. 

EXAMPLE 6 

0083) Determination of Optimal Conditions-Effect of 
Aging Temperature 

0084. By altering the aging temperature, the crystal 
nucleation and growth can be controlled. By precipitating at 
low temperatures below about 30° C., crystal growth can be 
minimized resulting in finer crystals; however, these mate 
rials typically possess poor Structural development and 
possess a chemically and thermally unstable Structure. When 
aged at temperatures above about 30 C., the precipitates 
undergo greater crystal growth and possess better Structural 
development and chemical and thermal Stability. In this 
example, all reactions occur at CaN and NHP concentrations 
of 0.15 M and 0.1 M, respectively, at an addition rate of 
about 250 ml/min, at an aging time of 100 hours and at a pH 
of about 8.5. 

0085 Since the as-precipitated phase is a precursor that 
requires calcination or a related technique to obtain TCP, 
conditions favoring a thermally unstable precursor that can 
be easily transformed into TCP are preferred. In particular, 
aging temperatures below 30° C. are preferred. Furthermore, 
lower aging temperatures are preferred for Sintering Since 
the diffusivities of these materials are higher than for mate 
rials that have undergone higher aging temperatures. How 
ever, the Solubility of calcium phosphate precipitates 
increase as temperature decreases. Consequently, the cal 
cium to phosphate ratio in the reactant Solutions desirably 
will correspondingly increase to compensate for the 
increased Solubility. For example, when the calcium to 
phosphate ratio of the reactant Solutions are Set to about 
1.67, a TCP precursor precipitate with a calcium to phos 
phate ratio of 1.5 will be obtained when aging at 0°C. After 
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calcination, this TCP powder will possess a crystal with a 
non-uniform morphology and crystal Size greater than about 
80 nm, a particle size greater than 3 um and a Surface area 
greater than about 50 m /g. When this precipitate is calcined 
and pressurelessly sintered, a TCP possessing a theoretical 
density greater than 95% will be obtained with a crystal size 
greater than about 1 lum. As a result, an aging temperature of 
below 30° C. is preferred when the stoichiometry of the 
precursor Solutions is adjusted to compensate for the higher 
Solubility at lower temperatures. 
0086). When the TCP precursor is aged at about 30° C., 
the powder properties will be more refined. The resulting 
TCP will possess uniform crystal morphology, a crystal size 
of less than 50 nm, a narrow particle size distribution, an 
average particle Size of less than about 1 lum, and a Surface 
area of greater than 150 m/g. These powders also can be 
pressurelessly sintered to 95% of theoretical density with a 
crystal size of less than about 250 nm. When the TCP 
precursor is aged at about 75 C., the TCP crystals will 
become increasingly anisotropic. This TCP will possess 
elongated crystal morphology and Size greater than 150 nm, 
an average particle size of greater than about 5 tim, and 
Surface area greater less than about 50 m/g. These powders 
could not be pressurelessly sintered to 95% of theoretical 
density. 

SUMMARY OF EXAMPLES 1-6 

0087 Nanocrystalline TCP can be synthesized by chemi 
cal precipitation followed by calcination. The effects of 
precursor concentration, pH, addition rate, aging time, aging 
temperature, and calcination temperature on the crystallite 
size, Stoichiometry, particle size and distribution, morphol 
ogy, crystallinity and Structural development can be exam 
ined. By identifying the important processing parameters 
and the method by which they can be controlled, the 
crystallite size and process-related defect Structures can be 
reduced to enhance the mechanical properties of bulk TCP. 
Furthermore, using the parameters to reduce agglomeration, 
to control the particle morphology and Size distribution, and 
to control the chemical reactivity of the particles, full 
densification can be achieved at lower Sintering tempera 
tures. The XRD patterns of the calcined nano-TCP powders 
are in good agreement with B-TCP file (JC-PDS9-169); the 
peaks are Substantially broadened due to the nanocrystalline 
nature of TCP. 

0088 Aging temperatures during precipitation affect the 
crystal growth rate with room temperature and below being 
favored. Aging time affects the conversion of the chemical 
homogeneity, crystallite size, and particle morphology and 
size distribution. pH affects the solubility of the TCP pre 
cursor phase. For TCP synthesis, the preferred pH is above 
about 7 and below about 10. Precursor addition rate affects 
the nucleation and crystal growth rates and particle mor 
phology. Fast addition rates are preferred at both high and 
low precursor concentrations. Precursor concentration 
affects the rate of reaction. 

0089. The nano-TCP precursor phase calcined at 600° C. 
gives an ultrafine crystal size of about 50 nm, Surface areas 
greater than about 150 m/g and narrow particle size distri 
butions with an average particle size of 2.5 lim. The nano 
TCP compact has superior sinterability when compared to 
conventional TCP. The highly densified TCP can be obtained 
by pressureless sintering at 1100 C. 
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EXAMPLE 7 

0090. Effect of Synthesis Conditions on Calcination Tem 
perature 

0091 Unlike hydroxyapatite, neither the O.- nor B-phase 
of TCP is formed from the as-precipitated powders synthe 
sized by the procedure and conditions described in 
Examples 1-6. The purpose of calcination is to first remove 
any volatile organics (e.g. alcohol, toluene, acetone) or 
inorganics (e.g. nitrates etc.) that are adsorbed and then to 
dehydroxylate the TCP precursor phase (e.g. apatite, amor 
phous calcium phosphate, octacalcium phosphate) and crys 
tallize it into C- and/or B-TCP. 
0092. To achieve these objectives, the TCP precursor 
powders are calcined in Oxygen or other oxidizing atmo 
Sphere during the ramp to remove any Volatile adsorbed 
Species and under Vacuum or other reducing atmosphere 
(e.g. nitrogen, argon or helium) while at the calcination (e.g., 
Soak) temperature for a period of time to promote dehy 
droxlation and crystallization of the appropriate TCP phase. 
To investigate the effect of calcination, the TCP precursor 
powders prepared in Examples 1-6 are calcined at a Soak 
temperature ranging from about 400° C. to 1400° C. for two 
hours. 

0093. At calcination temperatures typically from about 
400° C. to 1000° C., B-TCP(JC-PDS9-169) is obtained. The 
lowest calcination temperature required to form B-TCP, 400 
C., will be achieved with a CaN and NHP concentrations of 
0.15 M and 0.1 M, respectively, at an addition rate of about 
250 ml/min, at an aging time of about 100 hours, at any 
aging temperature of about 25 C. and at a pH of about 8.5. 
At about a 400° C. calcination temperature, the B-TCP 
powders will possess a crystal size of about 25 nm, a Surface 
area of about 200 m /g and a particle size of about 0.8 um. 
At a calcination temperature of about 1000 C. or less, the 
B-TCP powders will possess a crystal size from about 100 
nm, a surface area of about 80 m/g and a particle size of 
about 3 um. 
0094. When this precursor powder is calcined above 
about 1000° C. to 1400° C., a phase pure metastable O-TCP 
can be obtained if the powders are rapidly quenched to room 
temperature. At a calcination temperature of about 1100 C. 
or greater, a mixed C/B-TCP will be obtained of which the 
O-TCP forms about 50 vol. %. The O-TCP phase will 
possess a crystal size of about 150 nm whereas the B-TCP 
will possess a crystal size of about 125 nm. The composite 
powder will possess a Surface area of about 60 m/g and a 
particle size of about 5 um. By calcination at a temperature 
of about 1200° C., a pure O-TCP phase can be obtained. The 
O-TCP phase will possess a crystal size of about 200 nm, a 
surface area of about 40 m/g and a particle size of about 7 
lum. At a calcination temperature of about 1400° C., a C-TCP 
powders having a crystal size of about 300 nm, a Surface 
area of about 30 m/g and a particle size of about 9 um can 
be produced. Alternatively, if the powders are slowly 
quenched or held at lower Soak temperatures during cooling, 
a mixed C/B-phase is formed. The Secondary Soak tempera 
ture and time determine the relative amount of B-TCP 
formed and physical properties of the composite powder. 
When holding at a Secondary calcination temperature 
between 600° C. to about 800° C. for a period of 2 hours to 
about 24 hours, a secondary B-TCP can be introduced to 
form a composite powder. At lower temperature and shorter 
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times, a lower volume fraction of B-TCP is formed, typically 
from about 5 to 20 vol.%. At higher temperatures and longer 
times, a higher volume fraction of B-TCP is formed, typi 
cally from about 50 to 75 vol.%. 

EXAMPLE 8 

0.095 Effect of Precursor and Solvent Environment on 
the Calcination Temperature Required to Form TCP 
0.096 Typically, TCP precursor powders are calcined to 
dehydroxylate and crystallize the precursor powders into a 
TCP phase. Consequently, precursor reactants (calcium salt, 
phosphate Salt, and acid or base) and Solvents that can 
reduce hydroxylation and water retention in the precursor 
lead to lower calcination temperatures and nanocrystalline 
crystallite sizes (<100 nm). 
0097 When precipitating TCP precursors in an aqueous 
Solution, calcium nitrate and ammonium hydrogen phos 
phate are the preferred calcium and phosphate Sources, 
respectively. The precursor precipitates are aged at 25 C. 
for 12 hours and are collected, washed, milled, dried and 
calcined at 600 C. This f-TCP powder will possess a crystal 
dimension of less than about 50 nm, a Surface area in exceSS 
of about 150 m/g, a narrow particle size distribution with an 
average particle size of about 0.9 micron, and a calcium to 
phosphate ratio of about 1.5. 
0.098 When precipitating TCP precursors from a polar 
organic Solvent, calcium alkoxides or calcium acetates are 
preferred as the calcium Source and phosphoric acid or 
trialkylphosphates (e.g., tributylphosphate or triethyl phos 
phate) are preferred as the phosphate Source. The precursor 
precipitates are aged at 25 C. for 12 hours and are collected, 
washed, milled, dried and calcined at 400° C. This f-TCP 
powder will possess a crystal dimension of less than about 
30 nm, a surface area in excess of about 200 m/g, a narrow 
particle size distribution with an average particle size of 
about 0.9 micron, and a calcium to phosphate ratio of about 
1.5. 

0099 Alternatively, TCP precursors can be precipitated 
from Solution of water and a polar organic Solvent. In this 
case, calcium alkoxides and trialkylphosphates are the pre 
ferred calcium and phosphate Sources, respectively. The 
precursor precipitates are aged at 25 C. for 12 hours and are 
collected, washed, milled, dried and calcined at 400° C. This 
B-TCP powder will possess a crystal dimension of less than 
about 30 nm, a surface area in excess of about 200 m/g, a 
narrow particle size distribution with an average particle size 
of about 0.9 micron and a calcium to phosphate ratio of 
about 1.5. 

EXAMPLE 9 

0100 Pressureless Sintering of TCP Powders 
0101 B-TCP is calcined at a temperature of about 600° C. 
in an oxygen/vacuum atmosphere, then uniaxially pressed in 
steel die to a pressure of about 150 MPa, cold isostatically 
pressed (CIPed) to a pressure of about 300 MPa, and finally 
pressurelessly sintered at a temperature of about 800° C. to 
about 1500 C. in an oxygen atmosphere for about 2 hours 
at a ramp rate of 5 C./min. 
0102 Prior to sintering, the B-TCP powders can be 
unaxially pressed in a Steel die at a pressure ranging from 
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about 50 MPa to about 1 GPa without detrimentally affect 
ing the Sintering process. After unaxially pressing, these 
compacts can be CIPed at a pressure ranging from about 50 
MPa to the maximum allowable pressure for the particular 
cold isostatic press. Alternatively, the TCP powder can be 
poured into a rubber mold without uniaxial compaction and 
then CIPed. 

0.103 B-TCP is formed at sintering temperatures ranging 
from about 800° C. to about 1100° C. At sintering tempera 
tures greater than about 1100 C., a mixed a? B-TCP material 
is formed whereas at Sintering temperatures greater than 
about 1200° C., a pure C-phase is formed. Sintering tem 
peratures ranging from about 900 C. to about 1100 C. 
result in theoretical densities greater than about 95% while 
Sintering temperatures ranging from about 1000 C. to about 
1100 C. result in theoretical densities greater than about 
97% and a crystal size of less than about 500 nm. A 
high-density O-TCP also can be obtained at Sintering tem 
peratures greater than about 1200° C. with crystal sizes 
larger than about 1 lum. Similar to Example 7, a dense 
C/B-TCP composite material can be obtained by holding 
O-TCP powder at lower Secondary Soak temperature to 
reintroduce the B-TCP phase. The combination of soak 
temperature and Soak time can be used to control the Volume 
fraction and crystal size of B-TCP formed. Higher soak 
temperatures will result in a larger Volume fraction and 
crystal sizes of B-TCP while lower Soak temperatures will 
results Smaller Volume fractions and crystal sizes. 
0104. The fracture toughness of the articles sintered by 
preSSureleSS Sintering is measured by an indentation tech 
nique. The fracture toughness is less than about 1 to 2 
MPam'. Furthermore, bending strengths and equibiaxial 
flexure strengths are from about 100 MPa to about 250 MPa. 
The compressive strength is about 500 MPa or greater. 

EXAMPLE 10 

01.05 Hot Pressing of TCP Powders 
0106 TCP powders are hot pressed at a pressure of about 
50 MPa or higher, at a ramp rate of about 5 C./min, and with 
a dwell time of about 30 minutes at Sintering temperature 
between about 700 C. and about 1300 C. in an oxygen, 
hydrogen nitrogen, argon, helium or vacuum atmosphere. 
Compared to the pressureleSS Sintering process described in 
Example 9, the addition of a uniaxial preSSure during 
Sintering enhances the Sintering proceSS by reducing the 
Sintering temperature at which fully densified articles are 
achieved by Several hundred degrees. Furthermore, the 
reduction of the Sintering temperature results in minimized 
grain growth as well. 
0107 Fully densified articles of B-TCP with a crystal size 
of less than about 500 nm will be obtained by hot pressing 
at sintering temperatures less than about 1000 C. Similar to 
Example 9, higher Sintering temperatures will result in a 
fully dense O-TCP while lower secondary soak temperatures 
after sintering can reintroduce the B-TCP. Furthermore, 
these densified articles are optically transparent. The appli 
cation of the uniaxial pressure removes many pores, which 
are not removed by pressureleSS Sintering. Fracture tough 
neSS measurements via indentation show that fracture tough 
ness is increased to between about 1.5 MPam' and about 
3.0 MPam'. Furthermore, bending strengths and equibi 
axial flexure strengths are from about 150 MPa to about 400 
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MPa. The compressive strength is about 700 MPa or greater. 
Finally, densified articles prepared by hot pressing possess 
better reliability than articles prepared by preSSureleSS Sin 
tering. 

EXAMPLE 11 

0108 Net Shape Forming and Hot Isostatic Pressing of 
TCP Powders 

0109 Geometrically complex monoliths comprised of 
TCP are processed in two steps. First, the TCP powder is net 
shape formed into a green body and Secondly, the green 
body is densified by hot isostatic sintering. Microstructural 
and mechanical properties analysis can be used to evaluate 
the process for the net shape forming of geometrically 
complex TCP monoliths. 
0110 Complex shapes are formed by one of four pro 
cesses. These processes include dry powder compaction, 
plastic flow, fluid removal, and gelation. Dry powder com 
paction can be carried out by cold isostatic pressing in a 
mold to net shape or green machining of the cold isostati 
cally pressed green body. Examples of plastic flow processes 
include injection molding and extrusion/green machining. 
Examples of fluid removal processes include Slip casting and 
preSSure casting/green machining. Gelation can be carried 
out by in Situ polymerization and gelation using any com 
bination of the following monomer/polymer Systems: acry 
lamides, methacrylates, Starches, Sugars, alginates, chito 
Sans, or celluloses. Depending on the mold design, the green 
bodies can be cylinders, tapered pins, blocks, or plates. In 
addition, the mold design can introduce threading and can 
nulation. Nanoporosity (~100 nm) can be introduced by 
changing the morphology of the nanocrystals whereas 
macroporosity (~150 um) can be introduced using a polymer 
Spheres that can be removed prior to hot isostatic pressing. 
To obtain a green part that can be fully densified and possess 
Strength Sufficient for a structural application, the green body 
should possess the following properties: (1) absence of 
inclusions or impurities, (2) absence of regions of high or 
low density, and (3) Small pore sizes and narrow pore size 
distribution. 

0111 Hot isostatic pressing (HIP) is dependent on the 
Simultaneous application of high temperature and high pres 
Sure to densify the part. The advantage of this process is that 
it can Sinter complex shapes and reduce Sintering tempera 
tures while decreasing the size of processing related bulk 
defects. After net shape forming, the green body is either 
sintered to closed porosity (greater than 95% theoretical 
density) or encapsulated/vacuum sealed in glass or a metal 
and then hot isostatic pressed. Typically pressures during 
HIP of TCP are between about 50 MPa and the greatest 
operating pressure of the HIPSystem. Sintering temperatures 
occur between about 600 C. and about 1500 C. Soak times 
range from about 10 minutes to about 2 hours. Phase 
behavior of TCP is similar to those observed in Examples 9 
and 10. 

0112 TCP articles densified by HIP are typically fully 
dense (greater than 97% theoretical dense), nanocrystalline 
(crystal sizes less than 250 nm), and optically transparent. 
Because critical defect sizes are reduced by preserving 
nanocrystallinity, and proceSS-related defects have largely 
been removed through HIP, the fracture toughness and 
strength of TCP articles is enhanced. For example, fracture 
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toughnesses via indentation testing between about 1.5 
MPa.m. and about 3.0 MPam' can be obtained. Further 
more, bending and equibiaxial flexure Strength from about 
150 MPa to about 400 MPa can be obtained. Compressive 
strengths greater than about 750 MPa have also can be 
obtained. Finally, articles produced by HIP possess better 
reliability than articles prepared by hot pressing. 

EXAMPLE 12 

0113) Resorption and Bioactivity of TCP 
0114. When comparing like powders, coating, porous 
bodies or dense articles of TCP, the degree of protein 
adsorption, cell attachment, adhesion, proliferation, and 
matrix Synthesis is a function of the crystal size. For 
example, protein adsorption, cell attachment, adhesion, pro 
liferation, and matrix synthesis are enhanced for TCP mate 
rials having Smaller crystal size compared to those with 
larger crystal size. Accordingly, nanocrystalline TCP having 
a crystal size or crystal Size ranging from about 20 to about 
200 nm are preferred for applications requiring high bioac 
tivity. Resorption of TCP into the body also is found to be 
a function of crystal size when all other properties for 
powders, cement, pastes, Void fillers, coatings, porous bod 
ies and dense articles are Similar. Typically, Small grain 
materials resorb more rapidly than coarse grain materials. 
Using the method of the invention, the TCP crystal and grain 
sizes can be varied to control the resorption time of these 
materials when used as a powders, cement, pastes, Void 
fillers, coatings, porous bodies and dense articles. 

EXAMPLE 13 

0115 TCP Nanocomposites 
0.116) To further increase the fracture toughness of TCP 
materials, a porous or dense TCP composite can be formed. 
In one method, a Secondary additive possessing material 
properties different than those of TCP can be incorporated 
into the microStructure. Desirably, the Secondary additive is 
Stronger than the TCP material, for example, the Secondary 
additive typically possesses a higher fracture toughness, 
hardness, ductility, and/or strength than the TCP material. 
The Secondary additive can be selected from the group 
consisting of alumina, titania, Zirconia, gold, Silver, tita 
nium, nitinol, and combinations thereof. The fracture tough 
ness of the TCP material also can be increased by introduc 
ing a Secondary additive possessing a non-spherical aspect 
ratio (e.g., an aspect ratio greater than about 1.5, or about 2). 
Such Secondary additives having non-spherical aspect ratioS 
include, for example, alumina, hydroxyapatite, titania, Zir 
conia, or metallic needles, rods or whiskers or carbon 
nanotubes, plates, and the like. The Secondary additive can 
have a length on the order of a nanometer to Several microns, 
but should be Small enough So as to be easily dispersed 
during Synthesis or as to create processing defects that 
cannot be removed through pressure-assisted densification. 
0117 To synthesize such a composite material, the sec 
ondary additive can be highly dispersed in either the calcium 
Salt or ammonium Salt Solution, and should be present in the 
Volume fraction that is desired in the final composite article. 
The TCP is then precipitated in the presence of the second 
ary additive So as to achieve a high dispersion of the 
secondary additive in the TCP. It is preferred that the 
Secondary additive be fully reacted and crystalline in order 
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to minimize reactions due to pH or the presence of calcium 
or phosphate ions. The composite precipitate is recovered 
and processed as previous described. When sintered to full 
density by methods described in Examples 9-11, the micro 
structure of the composite material is such that the TCP 
phase is Still nanocrystalline whereas the Secondary phase is 
highly dispersed. Because the Secondary phase is highly 
dispersed, fracture toughness and Strengths enhancements 
are achieved with Smaller Volume fractions of the Secondary 
additive. The Secondary phases preferably exist in domains 
of about 1 micron or less in the TCP matrix with the 
preferred Secondary phase dispersed as the finest individual 
elements in the matrix. Fracture toughness of greater than 
about 2 MPam' and bending and equibiaxial flexure 
strengths of about 200 MPa or greater are easily achieved. 

EXAMPLE 1.4 

0118 Calcium Phosphate-Polymer Nanocomposites 
0119) Unlike Example 13 where the objective was to 
improve the mechanical properties of TCP, the presence of 
calcium phosphates, Such as apatites or TCP, in polymer 
nanocomposites is used to both mechanically reinforce the 
polymer by increasing StiffneSS and Strength and to increase 
the bioactivity of the composite article. To achieve these 
requirements, the calcium phosphate biomaterials desirably 
are highly dispersed in the polymer phase. Preferably, the 
calcium phosphate exists in domains of about 1 micron or 
Smaller. More preferably, the calcium phosphate exists in 
domains on nanometer Scale (e.g., about 20 to about 500 
nm). To synthesize Such polymer nanocomposites, the cal 
cium phosphate nanocrystals should be dispersed in the 
reaction medium containing the monomer prior to the Syn 
thesis of the polymer. Preferred polymers include polylactic 
acid, polyglycolic acid, polylactic acid/polyglycolic acid 
copolymers, polypropylenefumarate, polyhydroxybutyric 
acid, polyhydroxyvaleric acid, polycaprolactone, polyhy 
droxycarboxylic acids, polybutyrene Succinate, polybuty 
lene adipate, and collagen. 

EXAMPLE 1.5 

0120 Processing of Porous TCP 
0121 AS previously discussed in Example 10, a porous 
TCP can be made by molding TCP with polymer spheres 
having diameters ranging from about 25 nm to about 300 
microns. Once compacted, the polymer Spheres are burned 
out during a high temperature treatment (e.g., calcination or 
Sintering) leaving extensive and interconnected porosity 
while the pore walls are comprised of nanocrystalline TCP. 
By controlling the particle size distribution of polymer 
spheres, the pore size of the TCP across several orders of 
magnitude can be introduced. The Volume fraction is then 
Selected to achieve a particular Strength. At high polymer 
Sphere Volume fractions, the compressive Strength of the 
material is low. However, there is a critical volume fraction 
where these is an insufficient volume fraction to form 
interconnected porous. AS an alternative method to forming 
porous bodies with nanocrystalline walls, a foaming agent 
may be added to a highly loaded slurry of TCP to create 
pores. The pores are preserved by the addition of a curing 
agent Such as a polymer or monomer. The Slurry is then dried 
and fired to remove any organic. This method also allows the 
ability of to form pores with a wide pore size distribution. 
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Another method is to cast a highly loaded slurry with the 
curing agent into a porous polymer foam. Once dried, the 
material is fired to remove the organics and polymer foam 
leaving a porous TCP. Pores Smaller than 100 nm can be 
formed by introducing a Surfactant (i.e. cetyl triammonium 
bromide) or triblock copolymer (i.e. PEO-PPO-PEO) 
micelles during the precipitation of the TCP precursor or 
into the slurry. The micelle TCP solution is then processed 
with polymer Spheres, foaming agents or polymer foams to 
create a porous body with pores ranging from 25 nm to 300 
microns in size. 

EXAMPLE 16 

0.122 Bicontinuous Biphasic Calcium Phosphate Com 
posite 
0123. In this example, a dense article comprising of two 
bicontinuous phases of nanocrystalline hydroxyapatite and 
TCP is proposed. The article would be highly dense (greater 
than 95% of theoretical density of the composite) and 
possess a high bending Strength. The bicontinuous phases 
exist in channels with diameters ranging from 1 micron to 
300 microns. Furthermore, the crystal sizes of each bicon 
tinuous phase can be separately changed from about 50 nm 
to about 5 microns. 

0.124. Once implanted, the TCP phase will resorb at a rate 
determined by its density, crystal size and channel diameter. 
AS the TCP resorbs, a porous hydroxyapatite emerges from 
the dense bicontinuous biphasic calcium phosphate compos 
ite, and the host tissue begins to infiltrate the porous 
hydroxyapatite. The resorption rate of the hydroxyapatite is 
determined by its density, crystal size and channel diameter. 
0.125 To produce such an article, a porous TCP can be 
formed according to the method of Example 15. After 
drying, a highly loaded slurry of hydroxyapatite is poured 
into the porous TCP. Alternatively, a porous hydroxyapatite 
body can be formed according to Example 15 and then 
infillitrated with a TCP slurry. This now bicontinuous bipha 
sic calcium phosphate composite is then Sintered according 
to methods described in Examples 8-10. 

EXAMPLE 1.7 

0.126 Calcium Phosphate Structures as a Delivery 
Vehicle for Plasmid DNA, RNA, Proteins and Drugs 
0127. The surfaces of a calcium phosphate powder Such 
as TCP or hydroxyapatite are saturated with plasmid DNA or 
RNA for gene delivery, proteins Such as bone morphogenetic 
proteins (BMPs), or drugs such as bisphosphonates and 
antibiotics for drug delivery. Once the organic materials 
have been fully adsorbed to the surface, the powders are 
recovered and dried. These powders can be used in pastes, 
cements, coatings, Void fillers or implants desiring gene or 
drug delivery. To form an implant Structure, the powders can 
be CIPed at pressures of about 100 MPa or greater, at 
temperatures of about 25 C. or higher, and at times of about 
5 minutes or greater. By CIPing, the density is increased 
thereby ensuring Sustained delivery of the active agent. 
Furthermore, the high density of the article allows it to be 
used as a load-bearing implant. 
0128 All references, including publications, patent appli 
cations, and patents, cited herein are hereby incorporated by 
reference to the same extent as if each reference were 
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individually and Specifically indicated to be incorporated by 
reference and were Set forth in its entirety herein. 
0129. The use of the terms “a” and “an” and “the” and 
Similar referents in the context of describing the invention 
(especially in the context of the following claims) are to be 
construed to cover both the Singular and the plural, unless 
otherwise indicated herein or clearly contradicted by con 
text. The terms “comprising,”“having,”“including,” and 
“containing” are to be construed as open-ended terms (i.e., 
meaning “including, but not limited to,”) unless otherwise 
noted. Recitation of ranges of values herein are merely 
intended to Serve as a shorthand method of referring indi 
vidually to each Separate value falling within the range, 
unless otherwise indicated herein, and each Separate value is 
incorporated into the Specification as if it were individually 
recited herein. All methods described herein can be per 
formed in any Suitable order unless otherwise indicated 
herein or otherwise clearly contradicted by context. The use 
of any and all examples, or exemplary language (e.g., "Such 
as”) provided herein, is intended merely to better illuminate 
the invention and does not pose a limitation on the Scope of 
the invention unless otherwise claimed. No language in the 
Specification should be construed as indicating any non 
claimed element as essential to the practice of the invention. 
0130 Preferred embodiments of this invention are 
described herein, including the best mode known to the 
inventors for carrying out the invention. Variations of those 
preferred embodiments may become apparent to those of 
ordinary skill in the art upon reading the foregoing descrip 
tion. The inventors expect skilled artisans to employ Such 
variations as appropriate, and the inventors intend for the 
invention to be practiced otherwise than as Specifically 
described herein. Accordingly, this invention includes all 
modifications and equivalents of the Subject matter recited in 
the claims appended hereto as permitted by applicable law. 
Moreover, any combination of the above-described elements 
in all possible variations thereof is encompassed by the 
invention unless otherwise indicated herein or otherwise 
clearly contradicted by context. 
What is claimed is: 

1. A composition comprising particulate tricalcium phoS 
phate (TCP) having an average particle size of about 5 um 
or less, an average crystal size of about 250 nm or leSS and 
a surface area of about 20 m/g or greater. 

2. The composition of claim 1, wherein the particulate 
TCP has an average particle size of about 1 um or leSS. 

3. The composition of claim 1, wherein the particulate 
TCP has an average crystal size of about 200 nm or less. 

4. The composition of claim 1, wherein the particulate 
TCP comprises O-TCP, B-TCP, or a combination thereof. 

5. The composition of claim 1, wherein the particulate 
tricalcium phosphate is densified. 

6. The composition of claim 1, further comprising a 
Secondary additive. 

7. The composition of claim 6, wherein the secondary 
additive is present in an amount of between about 1% and 
about 50% by volume. 

8. The composition of claim 6, wherein the secondary 
additive comprises a structural additive. 

9. The composition of claim 8, wherein the structural 
additive comprises a metal oxide. 

10. The composition of claim 9, wherein the metal oxide 
comprises Zirconia. 
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11. The composition of claim 8, wherein the structural 
additive has an aspect ratio of about 2 or greater. 

12. The composition of claim 6, wherein the Secondary 
additive is an organic Species. 

13. The composition of claim 6, wherein the secondary 
additive is a polymeric additive. 

14. The composition of claim 13, wherein the polymeric 
additive is Selected from the group consisting of polylactic 
acid, polyglycolic acid, polylactic/polyglycolic acid copoly 
mers, polypropylenefumarate, polyhydroxybutyric acid, 
polyhydroxyvaleric acid, polycaprolactone, polyhydroxy 
carboxylic acids, polybutyrene Succinate, polybutylene adi 
pate, collagen, chitosan, alginate, celluloses, Starches, Sug 
ars, polypeptides, polyethylene glycols, Vinyl pyrrolidones, 
acrylamides, methacrylates, copolymer micelles, and com 
binations thereof. 

15. The composition of claim 6, wherein the secondary 
additive is a biological additive. 

16. The composition of claim 15, wherein the biological 
additive is Selected from the group consisting of plasmid 
DNA, RNA, proteins, bone morphogenetic proteins, and 
combinations thereof. 

17. The composition of claim 6, wherein the secondary 
additive is a pharmaceutical additive. 

18. An article comprising a consolidated TCP structure 
having an average crystal size of about 80 um or leSS and a 
density of about 90% of the theoretical density or greater. 

19. The article of claim 18, wherein the article has a 
density of about 95% or greater. 

20. The article of claim 18, wherein the article has a void 
volume of about 10% or less. 

21. The article of claim 18, wherein the TCP structure has 
an average crystal size of about 10 um or leSS. 

22. The article of claim 21, wherein the TCP structure has 
an average crystal size of about 1 um or less. 

23. The article of claim 22, wherein the TCP structure has 
an average crystal size of about 500 nm or less. 

24. The article of claim 18, wherein the TCP structure has 
a three-point bending strength of about 100 MPa or greater. 

25. The article of claim 24, wherein the TCP structure has 
a three-point bending strength of about 200 MPa or greater. 

26. The article of claim 18, wherein TCP structure com 
prises O-TCP, B-TCP, or a combination thereof. 

27. The article of claim 18, wherein the article has a 
dimension of at least about 0.5 cm. 

28. The article of claim 18, wherein the article is a 
prosthesis. 

29. The article of claim 18, wherein the article is at least 
part of a prosthesis. 

30. The article of claim 18, wherein the article comprises 
an exterior coating on a prosthesis. 

31. The article of claim 18, wherein the article is a 
bioactive implant. 

32. The article of claim 31, wherein the bioactive implant 
is an orthopedic or dental implant. 

33. The article of claim 18, wherein the apatite structure 
comprises a Secondary additive. 

34. The article of claim 33, wherein the secondary addi 
tive comprises a structural additive. 

35. The article of claim 34, wherein the structural additive 
comprises a metal oxide. 

36. The article of claim 33, wherein the secondary addi 
tive is nanocrystalline. 
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37. The article of claim 33, wherein the secondary addi 
tive is a metal or alloy. 

38. The article of claim 33, wherein the secondary addi 
tive is added in an amount of between about 1% and about 
50% by volume. 

39. An article comprising a consolidated TCP structure 
having an average crystal size of about 1 um or leSS and a 
porosity of about 20% or greater. 

40. The article of claim 39, wherein the TCP structure has 
a porosity of about 40% or greater. 

41. The article of claim 39, wherein the TCP structure has 
an average pore size of about 300 um or less. 

42. The article of claim 39, wherein the TCP structure has 
a compressive strength of about 100 MPa or greater. 

43. The article of claim 39, wherein the TCP structure has 
an average crystal size of about 250 nm or leSS. 

44. The article of claim 39, wherein the TCP structure 
comprises O-TCP, B-TCP, or a combination thereof. 

45. The article of claim 39, wherein the article has a 
dimension of at least about 0.5 cm. 

46. The article of claim 39, wherein the article is a 
prosthesis. 

47. The article of claim 39, wherein the article is at least 
part of a prosthesis. 

48. The article of claim 39, wherein the article comprises 
an exterior coating on a prosthesis. 

49. The article of claim 39, wherein the article is a 
bioactive implant. 

50. The article of claim 49, wherein the bioactive implant 
is an orthopedic or dental implant. 

51. The article of claim 39, wherein the apatite structure 
comprises a Secondary additive. 

52. The article of claim 51, wherein the secondary addi 
tive is an organic additive. 

53. The article of claim 51, wherein the secondary addi 
tive is a polymeric additive. 

54. The article of claim 53, wherein the polymeric addi 
tive is Selected from the group consisting of polylactic acid, 
polyglycolic acid, polylactic/polyglycolic acid copolymers, 
polypropylenefumarate, polyhydroxybutyric acid, polyhy 
droxyvaleric acid, polycaprolactone, polyhydroxycarboxy 
lic acids, polybutyrene Succinate, polybutylene adipate, col 
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lagen, chitosan, alginate, celluloses, Starches, Sugars, 
polypeptides, polyethylene glycols, Vinyl pyrrolidones, 
acrylamides, methacrylates, copolymer micelles, and com 
binations thereof. 

55. The article of claim 51, wherein the secondary addi 
tive is a biological additive. 

56. The article of claim 55, wherein the biological addi 
tive is Selected from the group consisting of plasmid DNA, 
RNA, proteins, bone morphogenetic proteins, and combi 
nations thereof. 

57. The article of claim 51, wherein the secondary addi 
tive is a pharmaceutical additive. 

58. The article of claim 57, wherein the pharmaceutical 
additive is Selected from the group consisting of bisphos 
phonates, cis-platinum compounds, antibiotics, anti-inflam 
matory agents, anti-arthritism agents, erythropoeitin, and 
combinations thereof. 

59. The article of claim 51, wherein the secondary addi 
tive is hydroxyapatite. 

60. The article of claim 51, wherein the secondary addi 
tive is added in an amount of between about 1% and about 
50% by volume. 

61. An implant comprising TCP having an average crystal 
size of about 7 um or less, a density of about 90% theoretical 
density or greater, and a three-point bending Strength of 
about 100 MPa or greater. 

62. The implant of claim 61, wherein the implant com 
prises O-TCP, B-TCP, or a combination thereof. 

63. The implant of claim 61, wherein the implant is a 
Spinal implant. 

64. The implant of claim 61, wherein the implant is a 
dental implant. 

65. The implant of claim 61, wherein the implant is an 
internal or external fixation implant. 

66. The implant of claim 61, wherein the implant is an 
implant for Soft tissue attachment. 

67. The implant of claim 61, wherein the implant has a 
resorption time of about 3 months or more. 

68. The implant of claim 67, wherein the implant has a 
resorption time of about 1 year or more. 
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